Coexpression of epidermal growth factor receptor (EGFR) and cerbB-2 in 47-68% of ovarian cancer cells indicate their strong association with tumor formation. We examined the effects of simultaneous antisenseor immunosuppression of EGFR and c-erbB-2 expression on the invasive phenotype, aneuploidy, and genotype of cultured human ovarian carcinoma cells (NIH:OVCAR-8). We report here that suppression of both EGFR and c-erbB-2 results in regression of aneuploidy and genomic imbalances in NIH:OVCAR-8 cells, restores a more normal phenotype, and results in a more normal gene expression profile. Combined with cytogenetic analysis, our data demonstrate that the regression of aneuploidy is due to the selective apoptosis of double antisense transfected cells with highly abnormal karyotype.
Introduction
Simultaneous modulation of multiple targets is a promising direction in modern cancer therapy. We chose suppressing two epidermal growth factor receptors, epidermal growth factor receptor (EGFR) and c-erbB-2, for several reasons. First, they are both frequently overexpressed and/or amplified in human tumors, including ovary (1) . Second, induction of these receptors is known to suppress apoptosis, whereas their inhibition induces programmed cell death (2) . Third, both receptors have been targeted by either small molecule inhibitors (Iressa) or antibodies (Cetuximab, Herceptin) and have shown encouraging results in clinical trials (3) . Finally, previous studies have shown that suppression of either receptors by AS methodology indicated a significant, although incomplete, reversion of the malignant phenotype in human ovarian cancer cells. In particular, NIH:OVCAR-8 cells stably transfected with an antisense (AS)-EGFR expression showed reduced proliferation and induction of differentiation (4) . However, despite their reduced capacity for proliferation and tumor formation in nude mice (4), AS-EGFR cells formed colonies in soft agar with an incidence similar to parental cells (unpublished observation). On the other hand, transfection of NIH:OVCAR-8 cells with an inducible AS-c-erbB-2 expression vector resulted in inhibition of cell growth and colony formation in soft agar (5) . In this article, we examined the effects of simultaneous antisense-and immunosuppression of EGFR and c-erbB-2 on the invasive phenotype, aneuploidy, and genotype, and we demonstrated that the simultaneous suppression of EGFR and c-erbB-2 not only resulted in a less malignant phenotype but also selectively triggered recapitulation of the cells with a more normal karyotype in a human ovarian cancer cell line.
Materials and Methods
Selection of Clones. NIH:OVCAR-8 cell line was a gift from Dr. Thomas C. Hamilton (Fox Chase Center, Philadelphia, PA). Cells were cultured in Improved Minimum Essential Medium (IMEM) containing 10% fetal bovine serum. The AS-expressing vector for AS-c-erbB-2 (pRC/CMV/AS 5Ј) and control vector (pRC/CMV) were kindly provided by Dr. Shoshana Segal (NIH/National Cancer Institute). The AS-expressing vector for EGFR (pCDNA3.1/AS-EGFR) was constructed as previously described using pCDNA3.1 zeo (Invitrogen Corporation, San Diego, CA; Ref. 4) . Parental 8A1 cells were stably transfected with vectors expressing AS-EGFR and/or AS-cerbB-2 (pCDNA3.1/AS-EGFR and/or pRC/CMV/AS-c-erbB-2, respectively) and control vectors, Ev-Cv (pCDNA3.1 and/or pRC/CMV, respectively). To verify the identity of the plasmids used in transfections, we sequenced AS-EGFR and AS-c-erbB-2 inserts using primers complementary to the vector sequences and ABI PRISM BigDye Terminator Cycle Sequencing kit (PEApplied Biosystems; Foster City, CA) according to the manufacturer's protocol. Sequencing products were separated on ABI Prism 377 DNA Sequencer (PE-Applied Biosystems).
Treatment of Cells with Cetuximab, Herceptin, and Prostaglandin E 2 (PGE 2 ). Parental 8A1 cells were treated individually and simultaneously with clinical grade monoclonal antibodies Cetuximab (C225; Imclone Systems Incorporated, New York, NY) and Herceptin (trastuzumab; Genentech, Inc., South San Francisco, CA) at concentrations of 0.1-0.5 and 0.5-4.4 mg/ml, respectively, in IMEM medium with 5% fetal bovine serum for 24 -72 h either in plastic culture dishes or on glass coverslips. After simultaneous treatment of parental 8A1 cells with Cetuximab (0.4 mg/ml) and Herceptin (3.0 mg/ml) for 48 h, cells were washed with serum-free medium and treated with PGE 2 (10 -20 M; Sigma) for 24 -48 h in serum-free medium. Control cells were treated with ethanol.
Detection of Apoptosis and Ploidy. Apoptosis was detected by Annexin V-FITC and propidium iodide staining using AnnexinV-FITC Apoptosis kit (PharMingen, San Diego, CA). Twenty thousand cells were analyzed on FACSort (Becton Dickinson, San Diego CA). Results were analyzed using FCS Express (De Novo Software, Thornhill, Ontario, Canada). Cells were stained with propidium iodide and analyzed in duplicate with and without human WBC as an internal standard. One hundred thousand cells were analyzed on FACSort. DNA index and ploidy were determined using ModFitLT software (Verity Software, Topsham, ME).
Results and Discussion
We cloned NIH:OVCAR-8 cells and for additional experimentation, we selected a subclone (labeled 8A1), with a high level of chromosomal aberrations, as indicated by CGH analysis (unpublished observation). After stable transfection of these parental 8A1 cells with AS-EGFR and/or AS-c-erbB-2 and the control Ev-Cv vectors, we selected several clones and verified the reduction of protein expression for EGFR and c-erbB-2 receptors by Western blot analysis of cell lysates (Fig. 1A) . The 8A1, parental cells, as well as Ev-Cv, double vector control transfectants, expressed high amounts of EGFR and c-erbB-2, whereas E2 cells (AS-EGFR) expressed decreased EGFR and C7 cells (AS-c-erbB-2) expressed decreased c-erbB-2 (Fig. 1A) . Double transfectants for AS-EGFR and AS-c-erbB-2, including clones E-C32.d and E-C32.2, expressed decreased levels of both EGFR and c-erbB-2 in comparison to parental 8A1 cells (Fig. 1A) . These observations suggested that simultaneous suppression of EGFR and c-erbB-2 by antisense-expressing constructs was highly effective.
When grown on Matrigel, a naturally occurring basement membrane-like extracellular matrix, parental 8A1 cells and Ev-Cv control transfectants were polygonal in shape with interconnected cell clusters (Fig. 1B) . In contrast, E-C32.d and E-C32.2 double-transfected clones were observed viable, spherical, single cells similar to normal ovarian cells (Fig. 1B) . Zymography analysis showed a Ͼ3-fold decrease in secreted matrix metalloproteinase-9 by the double transfectants relative to the parental 8A1 cells (Fig. 1C) . Thus, simultaneous suppression of EGFR and c-erbB-2 resulted in inhibition of invasive phenotype by a decrease in growth in Matrigel and matrix metalloproteinase-9 activity. This significant reversal in phenotype prompted us to examine whether we can detect any consistent corresponding changes in the chromosomal profiles of the single and double AS-transfected clones relative to the parental 8A1 cells by molecular cytogenetic techniques, including fluorescence in situ hybridization and CGH. A direct chromosomal enumeration (after Giemsa staining) coupled with CGH data revealed a striking tendency for reduction of chromosomal aneuploidy in the double transfectants. The parental 8A1 cells had a ploidy range from 42 to 113 with the major clone having 58 chromosomes indicative of a significant chromosomal instability (Fig. 2, A and B) . However, we observed a reduction in the chromosomal number, with clonal ploidy of 46 -52 and 46 -50 in the E-C32.d and E-C32.2 double-transfected clones, respectively ( Fig. 2F ; Supplementary Table 1) . Consistent with the decrease in chromosome number, we observed a decrease in ploidy of E-C32.d and E-C32.2 double transfectants by fluorescence-activated cell sorting analysis as well (Supplementary Table 1 ). We expanded our analysis to CGH to view a global picture of all apparent chromosomal changes between the parental cells and the dual-transfected stable AS clones. To highlight these differences, we used DNA from parental 8A1 cells as a reference instead of DNA from normal donors (6) . Parental 8A1 cells revealed a high level of genomic imbalances relative to normal cells as summarized in Supplementary Table 1. Our main interest was to see whether chromosomal imbalances often observed in ovarian cancer could be reversed by the simultaneous suppression of EGFR and c-erbB-2. Remarkably, we have found several examples. A consistent loss of chromosomes 5 and chromosomal region 11q23.3-qter was seen in the E-C32.d and E-C32.2 double transfectants in comparison to parental 8A1 cells, which had a gain of chromosome 5 (Supplementary Table 1 ). Gain of chromosome 5 is one of the earliest genetic events for human ovarian surface epithelial cells immortalized by HPV16-E6E7 viral oncogenes (7). We also observed loss of chromosome 8q22-qter in E-C32.2 double transfected cells that was a gain in parental 8A1 cells (Supplementary Table 1 ). The amplification of c-myc on chromosomal region 8q24 (ϳ30%) is a common finding in ovarian and other cancers (8) . CGH data analysis showed a loss of chromosome 8q22-qter in E-C32.2 double transfectant (Supplementary Table 1 ). A loss of chromosome 20q was also observed (Supplementary Table 1 , Fig. 2G ). Interestingly, 40% of ovarian primary carcinomas also have a gain in copy number of chromosome region 20q (9) . This region includes matrix metalloproteinase-9 (20q12.2-13.1), a putative oncogene, EEF1A2 (20q13), and a recently identified testis-cancer gene BORIS (10) . BORIS is the first gene from the testis-cancer family that has oncogenic properties and maps to 20q13.2, a hot spot of amplification in many cancers, including ovarian cancer (11) . A gain of chromosome region 18q23.1-qter in the E-C32.2 double transfectants was also seen. In contrast, this region is frequently lost (ϳ33%) in ovarian carcinomas and was also lost in parental 8A1 cells and Ev-Cv control transfectants (12) .
Using cDNA microarray technology, we also investigated whether the reversal of cancer-associated chromosomal changes is associated with the reversal of cancer associated gene expression changes as well. We observed a consistent and marked up-regulation of insulin growth factor binding protein-3 expression (7p13-p12) in E-C32.d and E-C32.2 double transfectants (Supplementary Table 2 ). Interestingly, this finding correlated with the loss of 7p13 in parental 8A1 cells by CGH analysis (Supplementary Table 1 ). Normal ovarian epithelial cells have been shown to express high levels of Insulin growth factor binding protein-3 that is also associated with apoptosis in p53-negative cells (10) . Our findings in this model are consistent with an insulin growth factor binding protein-3-induced apoptosis that eliminates highly aneuploid cells. We have also observed that the expression level of caspase-8-associated protein 2, a mouse apoptotic protein that is highly similar to FLICEassociated huge, and DNA-activated kinase mRNA were increased in E-C32.d and E-C32.2 double transfectants (Supplementary Table 2 ). Interestingly, caspase-8, which maps to 6q16.1, is an initiator of the death receptor pathway that activates apoptotic substrates, including PARP and DNA-activated kinase (13) . Differential gene expression analysis also showed up-regulation of FN mRNA in E-C32.d and E-C32.2 double transfectants in contrast to parental 8A1 cells (Supplementary Table 2 ). In addition, confocal laser scanning microscopic images indicated a significant difference in FN expression and distribution by immunofluorescence staining analysis. Parental 8A1 cells deposited relatively less FN localized mainly to the cell periphery (Fig. 3A) . In contrast, E-C32.2 double transfectants had an increase in FN expression and fibrillogenesis occurred over the entire ventral cell surface. Our data correlates with studies showing the presence of FN throughout the stroma of normal ovarian tissue and the loss of FN in advanced ovarian tumors (14) .
A decrease in progesterone receptor (PR) levels in ovarian adenocarcinomas and an increase in EGFR expression in comparison to benign, borderline, and normal ovarian tissues have been shown earlier (15) . Therefore, we investigated PR expression in parental and double-transfected clones by immunohistochemical analysis. Double transfectants showed a significant increase in PR number (P Ͻ 0.0001; Fig. 3C ) and intensity of staining (P Ͻ 0.0001; Fig. 3D ) in E-C32.2 double transfectants compared with parental 8A1 cells (Fig. 3B) . The significant increase in PR expression and induction of apoptosis by simultaneous inhibition of EGFR and c-erbB-2 are consistent with the results of the study showing a direct interaction of PARP with the DNA binding domain of human PR (16) . This provides an insight into the cellular mechanisms of regulation of receptor tyrosine-kinase signaling pathway. PR-positive tumors are associated with an improved patient survival (17) .
Our initial observation of the reversal of aneuploidy in ovarian cancer was so unexpected that we were eager to test whether we could reproduce the same phenomenon by the immunological inhibition of the same receptors. Remarkably, our findings in reduction of aneuploidy could be also induced by simultaneous treatment of parental 8A1 cells with Cetuximab and Herceptin. Our results showed a reduction in chromosome number with a modal number of 51 chromosomes in surviving cells 4 days after treatment (Supplementary 
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Research. Table 1 ). Reversal to the more normal karyotype was accompanied by a change in morphology after Cetuximab and Herceptin treatment. The dual-treated cells exhibited retracted morphology and did not form clusters compared with parental cells (Fig. 4A) .
Such a reversal of the malignant karyotype is most readily explained by the selective death of those cells with a high level of aneuploidy. Therefore, as an obvious next step, we have investigated apoptotic events in our experimental system using AnnexinV/FITC cell surface (early apoptosis) and propidium iodide nuclear (late apoptosis) staining. A significant increase in apoptosis, when measured with by Annexin/propidium iodide staining, was observed in both single and double AS-transfected clones (Fig. 4B) . Chromosomal analysis also revealed that a high percentage of cells (40%) in the E-C32.d clone, as indicated by chromosomal pulverization, was undergoing apoptosis (Fig. 2C) and nuclear fragmentation (Fig. 2D) . Chromosomal endoreduplication and nondisjunction (Fig. 2E) were indicated by giant metaphase plates that were either blocked in mitosis or at the mitotic exit. In contrast, only 5% of the parental 8A1 cells were apoptotic (Fig. 4B) . In addition, we have detected cleaved PARP expression in E-C32.d and E-C32.2 double transfectants (Fig. 4C) by Western analysis. PARP cleavage by caspase(s) occurs early in apoptosis, earlier on or soon after the appearance of internucleosomal fragmentation of DNA. Interestingly, we detected up-regulation of tankyrase in E-C32.d and E-C32.2 double transfectants by differential gene expression analysis (Supplementary Table 2 ). Tankyrase is a family member of the poly(ADP-ribosyl)ating proteins that has PARP activity (18) . Although the underlying molecular events of these interactions remain unclear, it is speculated that PARP takes part mainly in interrelated events in the nucleus, including DNA repair, cell cycle regulation, and apoptosis, contributing to the maintenance of stability of the genome (13, 19) . Taken together, we concluded that a subpopulation of E-C32.d and E-C32.2 double transfectants underwent apoptosis, whereas the majority of cells that was rescued from apoptosis had a near diploid chromosome content (46 -50 in the case the E-C32.2 clone).
Again, we have tested whether we could reproduce the AS effect with immunological inhibition of EGFR and c-erbB-2. We could induce a significant increase of apoptosis in the parental 8A1 cells by the simultaneous treatment of Cetuximab and Herceptin (Fig. 4B) . To test the role of well-known apoptotic pathways, we have measured the level of an antiapoptotic protein bcl-2 under various conditions. The parental 8A1 cell line showed a high level expression that was down-regulated in the double transfected clone E-C32.2 and when the parental 8A1 cells were treated with a combination of Cetuximab and Herceptin (Fig. 4D ). We were seeking to establish a stronger causative link between apoptosis and the observed effect of simultaneous suppression of EGFR and c-erbB-2. For this, we used PGE 2 , an inhibitor of apoptotic pathways (20) . As shown on Fig. 4B , PGE 2 significantly (P Ͻ 0.0001) inhibited the induction of apoptosis of dual Cetuximab and Herceptin treatment. This inhibition was accompanied by an increase in bcl-2 expression (data not shown). Furthermore, in addition to inhibiting apoptosis, PGE 2 also induced a reversal of morphology of dual Cetuximab/Herceptin-treated cells similar to the parental 8A1 cells (Fig. 4A) . Thus, "genomic recovery," changes in morphology and induction of apoptosis, showed a strong correlation. This suggests that simultaneous inhibition of EGFR and c-erbB-2 induces apoptosis in cells that are aneuploid, whereas cells that are neardiploid or diploid survive and have a more normal karyotype (Fig. 4E) .
This study is the first to show a regression from aneuploidy to a near-diploid state after dual suppression of EGFR and c-erbB-2 receptor expression in a human ovarian carcinoma cell line (Fig. 4E ). In search of a possible mechanism, we detected a significant increase in apoptosis in the double transfectants as well as dual Cetuximab-and Herceptin-treated cells. Considering the intimate involvement of EGFR and c-erbB-2 in the regulation of apoptosis, a likely explanation of the reversal to a more normal karyotype is the reinduction of appropriate checkpoints. We are currently investigating the connections between EGFR and c-erbB-2 with the checkpoints and related regulatory pathways. We plan to examine the effects of a dual small interfering RNA (siRNA)-induced inhibition of these receptors in other cell lines and to explore the potential therapeutic relevance in vivo.
